The tumour supressor protein p53 plays a key role in the cell's decision to arrest the cell cycle or undergo apoptosis following a genotoxic insult. p53 is stabilized and activated after DNA damage, however the cascade of events signalling from DNA lesions to p53 stabilization and activation is still controversial. Poly (ADPribosylation) of dierent nuclear acceptors by PARP-1 is an early event when a single strand DNA lesion is produced. We present here evidences that interplay between PARP-1 and p53 is dependent on the type of damage induced to DNA. Primary mouse embryonic ®broblasts derived from parp-17/7 mice exhibited decreased p53 accumulation and activation following girradiation compared to parp-1 pro®cient cells. On the other hand, treatment with the single alkylating agent 2'-methyl-2'-nitrose-urea (MNU), resulted in the rapid and sustained accumulation and activation of p53 in parp-1-de®cient cells, while very little accumulation was observed in parp-1+/+ cells. After IR, the turnover of the p53 inhibitory protein MDM-2 is perturbed and the level of phosphorylation of p53 at serine-15 is blunted in parp-17/7 cells. PARP-1 is determinant in the cytotoxic response to alkylating agents but only partially contributes to radiation-induced cell killing, as determined by colony forming assay. Altogether, these results suggest that PARP-1 participates in the p53 response following irradiation, resides upstream of p53 and indirectly modulates the level of phosphorylation of key substrates in this pathway while treatment with MNU results in an enhanced p53-mediated response in parp-1-null cells.
Introduction
The presence of damaged DNA in the cell activates repair mechanisms as well as signal transduction pathways leading to cell cycle arrest and programmed cell death. Several of these responses are mediated by the stabilization and activation of the tumour-suppressor protein p53 and failure of this activation leads to genetic instability and a predisposition to cancer (Lakin and Jackson, 1999) . It is therefore crucial to understand the mechanisms that signal for the presence of lesions in DNA with the activation of p53. DNA-strand breaks generated by dierent genotoxic agents activate the nuclear/DNA binding protein poly (ADP-ribose) polymerase-1 (PARP-1, formerly PARP) (de Murcia and MeÂ nissier-de-Murcia, 1994; D'Amours et al., 1999) , allowing the post-translational modi®cation by poly (ADP-ribosylation) of dierent nuclear protein substrates. A number of studies have suggested a role for PARP-1 and/or the poly (ADP-ribose) in p53-mediated DNA damage, although the nature and the consequence of this interaction are very controversial (reviewed in Oliver et al., 1999a) .
PARP-1 is associated in vivo with XRCC1, a DNA repair protein involved, together with DNA polymerase b and DNA ligase III, in the base excision repair of DNA (Masson et al., 1998) . Treatment of parp7/7 mice with either alkylating agents or g-irradiation (IR) reveals an extreme sensitivity and a high genomic instability to both agents. Following whole body g-irradiation, mutant mice died rapidly from acute radiation toxicity of the small intestine (MeÂ nissier-de-Murcia et al., 1997) . Cells derived from these mice display retarded kinetics of DNA end-rejoining following damage with an alkylating agent (Beneke et al., 2000; Trucco et al., 1998) , indicating that PARP is involved in base excision repair, and more precisely in the long patch pathway, probably by recruiting DNA repair enzymes to the vicinity of a DNA lesion (de Murcia and MeÂ nissier-deMurcia, 1994; Dantzer et al., 1999) . Genetic deletion of parp-1 attenuates tissue injury after transient cerebral ischemia (Eliasson et al., 1997) , streptozotocin-induced diabetes (Burkart et al., 1999; Masutani et al., 1999) , and improves the adverse clinical eects in dierent pathologies associated with in¯ammation (Oliver et al., 1999b; Szabo and Dawson, 1998) .
The aim of the present study is to shed light on the interaction between PARP-1 and p53 in the cell's response to genetic damage produced by agents that dier (i) in the type of lesion induced to DNA and (ii) in the signal pathway connecting DNA lesion with the activation of p53. p53 is tightly controlled through a complex series of events including translational regulation, interaction with regulatory proteins such as the murine-double-minute-2 (MDM-2), and post-translational modi®cations including multisite phosphorylation and acethylation (reviewed in Lakin and Jackson, 1999) . Two protein kinases have been implicated directly in p53 modi®cations induced by IR: ATM, required for the initial phase of p53 accumulation in response to this damage and ATR, involved in the later phase of this process (Canman et al., 1998) . ATM is activated and mediates rapid phosphorylation of p53 on serine-15 (ser-15) (Canman et al., 1998) , and also modi®es the p53-inhibitory protein MDM-2 (Khosravi et al., 1999) , interfering with the interaction between these two proteins and allowing the accumulation and subsequent initiation of p53-dependent processes such as trans-activation, cell cycle arrest and apoptosis.
In the present study we show that the role of PARP-1 in the p53-mediated response to DNA damage is dependent on the type of DNA lesion and on the upstream pathway leading to p53 activation. In summary, we show that treatment with IR results in an impaired p53 function in the absence of PARP-1; however, after treatment with a single alkylating agent, p53 accumulation and activation are enhanced in the absence of PARP-1.
Our results also demonstrate that PARP-1 is needed for optimal nuclear p53 accumulation, phosphorylation of ser-15 and stabilisation of p53, acting through the turnover of MDM-2, in response to g-irradiation.
Results
Induction of p53 after DNA damage in parp-1 deficient cells Nuclear accumulation of p53 protein in parp-1+/+ and 7/7 primary ®broblasts has been determined using a speci®c anti-p53 antibody after treatment with IR and with the alkylating agent MNU by immunoblot analysis. Figure 1a shows changes in p53 levels from 0 to 24 h in whole cell extracts from parp-1+/+ and parp-1 null cells. Following g-irradiation, p53 accumulates very rapidly and remains at high levels even 24 h after irradiation in parp-1 parental cells (Figure 1a) .
Parp-1 de®cient cells fail to accumulate p53 in response to IR (Figure 1a ), with only a discrete peak 4 h after IR-treatment. Co-incidently with this lack of p53 accumulation, a low increase in the level of p21 was observed (data not shown). On the other hand, following treatment with the single alkylating agent MNU, p53 was accumulated at much higher levels in parp-1 de®cient cells than in their parp-1 counterparts (Figure 1b) . The kinetic of p53 accumulation was similar between the two genotypes after UV treatment (Figure 1c ). To further con®rm the above results, indirect immuno¯uorescence to detect p53 was performed after treatment with the previously used DNA-damaging agents (Figure 1d ). Clearly, a decrease in the nuclear accumulation of p53 was observed in parp-17/7 cells after IR, while MNU treatment was much more eective in promoting nuclear accumulation of p53 in parp-1 de®cient cells.
We next tested whether PARP-1 aected the transactivation of p53 target genes. Semiquantitative analysis using the polymerase chain reaction with reverse transcription (RT ± PCR) revealed that the p53 target genes p21 and MDM-2 were both upregulated in irradiated parp-1+/+ mouse embryonic ®broblasts (MEFs) while in irradiated parp-17/7 cells p21 was slightly increased and mdm-2 mRNA was not induced at the times tested (Figure 2) . In contrast to irradiation, MNU exposure produced a strong up-regulation of p21 in parp-1 de®cient cells, while in cells from both genotypes MNU was able to induce mdm-2 mRNA expression (Figure 2 ), although with dierent kinetic. Basal expression of both p21 and mdm-2 was slightly higher in parp-1 null cells. From all the above results, we conclude that the type of DNA damage is determinant of the role of PARP-1 in the p53-mediated response to genotoxic stress.
Regulation of MDM-2 protein levels and posttranslational modification of p53
The p53 protein has a very short half-life. A key player in this regulation is the murine-double-minute-2 protooncogene. MDM-2 binds p53 within its trans-activation domain, blocks its transcriptional activity, and abrogates the ability of p53 to induce growth arrest and apoptosis. MDM-2 promotes p53 degradation by promoting the nuclear-cytoplasmic export of p53. Since MDM-2 is a direct target of p53, a negative autoregulatory feedback loop exists between these two proteins (Levine, 1997; Freedman and Levine, 1999) .
A lag exists between the activation of p53 and the consequent induction of MDM-2, de®ning a time window within which p53 exerts its eects. We have determined the electrophoretic mobility pattern and turnover of MDM-2 following g-irradiation or MNU treatments in immunoprecipitates obtained from cells of both genotypes. MDM-2 is found in several isoforms generated through alternative splicing and post-translational modi®cations (Olson et al., 1993) . In parp-1+/+ cells a small increase shortly (15 min) after IR treatment was observed with a reproducible shift in the mobility of MDM-2 toward the faster migrating band (Figure 3) . A remarkable increase in the levels of MDM2 was observed 4 h after IR treatment. Strikingly no such increase was observed in parp-17/7 cells, but rather a rapid and almost complete down-regulation of MDM-2 shortly after IR (Figure 3 ). Recovery of MDM-2 levels is also very rapid in the absence of PARP-1, that may account for the lack of nuclear accumulation and activation of p53 after irradiation in these cells (Figure 1 ). MNU treatment produced a rapid increase of MDM-2 protein in parp-1+/ + cells (in 30 min) and in a lesser extent in parp-1 de®cient cells (Figure 3 ).
Phosphorylation of p53 in response to DNA damage is one mechanism by which its activity may be modulated. More precisely, phosphorylation of p53 at ser-15 reportedly blocks nuclear export of p53 allowing ecient accumulation and maximal p53 activation (Zhang and Xiong, 2001 ). This stabilized p53 protein can then transactivate its target genes (Lakin and Jackson, 1999) .
The ataxia-telangectasia gene product (ATM) (and in a lesser extent ATR) mediates phosphorylation of ser-15 of p53 and its kinase activity is activated in response to IR but not to UV or alkylation (Banin et al., 1998; Canman et al., 1998) . The levels of phosphorylated p53 at ser-15, monitored by Western blot using a speci®c anti-phosphopeptide antibody, are much lower in parp-1 de®cient cells compared to parental cells ( Figure 4a ) in response to g-irradiation. 3-aminobenzamide (3-AB) is a well-known PARP inhibitor. 3-AB in a concentration of 5 mM after 2 h-exposure eciently blocks PARP activity avoiding PARP-polymer formation (data not shown) in response to DNA damage. When PARP activity was inhibited in parental cells using 5 mM 3-aminobenzamide prior any treatment, no signi®cant down-regulation in the levels of p53 phosphorylated at ser-15 were observed following neither IR nor MNU exposure ( Figure 4b ).
Cell survival after irradiation and MNU treatments
The clonogenic cell survival parameters and the survival curves for four embryonic ®broblasts cell lines derived from parp-1+/+ p53+/+, parp-17/7 p53+/+, parp-1+/+ p537/7 and parp-17/7 p537/7 mice, after irradiation are shown in Table 1 and Figure 5a , respectively. To better understand the role of PARP-1 in the cytotoxic eect of IR we have to consider that, according to the linear-quadratic model (LQ) (Curtis, 1986) , g-rays produce two types of cellular lesions: (i) lethal lesions, that are nonreparable, and represent the initial and direct damage to DNA and (ii) potentially lethal lesion, representing the probability of interaction between two breaks and whose fate depends on competing process of repair and ®xation (Curtis, 1986) . The eciency of this singletrack lethal damage (production of severe lesions) is represented by the a coecient (that is proportional to the dose). Lethal damage caused by interaction or ®xation of potentially lethal lesions, is represented by the b coecient (that is proportional to the square of the dose), and¯uctuates as consequence of the cellular recovery after damage repair.
Survival curves after irradiation for mammalian cells are usually presented with dose plotted on a linear scale and surviving fraction on a logarithmic scale (Figure 5a) . At low doses, the survival curve starts out straight on the log-linear plot with a ®nite initial slope. At higher doses, the curve bends and this bending region extends over a narrow dose range. At very high doses the survival curve often tends to straight again. SF2 (survival fraction at 2 Gy) values were very similar for the four cell lines although slightly lower for parp-17/7 p53+/+ and parp-17/7 p537/7. The presence of PARP-1 increases the a component of the curve, even when p53 has been genetically deleted, meaning an enhancement in the severity and irreversibility of the initial lesions produced by IR (Table 1 ).
Figure 2 RT ± PCR of the p53 target genes p21 and mdm-2 in parp-1+/+ and parp-17/7 cells 2 and 4 h after g-irradiation (6Gy) and MNU treatment (2 mM). The expression of a-tubulin is shown as internal control However, at doses higher than 4 ± 6 Gy, the absence of PARP-1 does not contribute to IR-induced cytotoxicity. This is re¯ected in statistically signi®cant changes (not shown) in the b parameter (Table 1) for parp-1+/+ p537/7 and parp-17/7 p537/7 in respect to parp-1+/+ p53+/+; and also for parp-1+/+ p537/7 and parp-17/7 p537/7 in respect to parp-17/7 p53+/+. The steepness and curvature of these survival curves is described by the a/b (Table 1 ). The absence of p53 produced a¯atter survival curve in respect to the cells with a functional p53. In contrast, the absence of PARP-1 plays a radiosensitizing eect. The a/b ratio changed 4.2-fold for parp-17/7 p53+/+ in respect to parp-1+/+ p53+/+ and 2.5 fold for parp-17/7 p537/7 in respect to parp-1+/+ p537/7.
The colony forming ability after exposure to MNU showed that parp-1+/+ p537/7 was the most resistant cell line while the most sensitive was parp-17/7 p53+/+. The high sensitivity of parp-17/7 p53+/+ was lost in MEFs lacking the p53 gene (Figure 5b ). In this case PARP-1 clearly determines the cytotoxic response to the single alkylating agent and the increased sensitivity seems to be p53 dependent (Table 2) .
Discussion
Interplay between PARP-1 and p53 in the early response to genotoxic stress
The activities of both PARP-1 and p53 increase during the cell's response to DNA damage. Nonetheless, the interplay between these two proteins remains to be clari®ed. Dierent groups have reported that inhibition or genetic disruption of PARP-1 result in increased p53 accumulation due to the persistence of unrepaired DNA. In a pioneer study, p53 accumulation induced by X-ray, was increased upon treatment of cells with the PARP-1 inhibitor 3-aminobenzamide (Lu and Lane, 1993) . Results using splenocytes, bone marrow cells and MEF issued from either parp-1 de®cient mice (Oliver et al., 1999a) , or thymocytes derived from transgenic mice expressing the dominant negative mutant of PARP-1 in the thymus (Beneke et al., 2000) show an increased accumulation of p53 following treatment with an alkylating agent.
On the contrary, studies from other groups identify PARP-1 as a necessary step for p53 expression and activation. A recent study with A-172 cells (wild typep53) and T98G cells (mutant-p53), suggested that poly (ADP-ribosylation) is required for rapid accumulation of p53, activation of p53 sequence-speci®c DNA binding and its transcriptional activity after DNA damage (Wang et al., 1998) . Results obtained using parp-17/7 MEF issued from the Wagner's laboratory, suggest that activation of p53 is largely PARP-1-independent (Agarwal et al., 1997) . At the molecular level, it has been proposed that PARP-1 could cause p53 induction either by direct protein-protein interactions or by poly (ADP-ribosylation) of p53 (Malanga et al., 1998) .
The diversity of the p53 activating factors covering genotoxic stress such as IR, UV light and DNAdamaging drugs, and non-genotoxic stress such as heat shock, or depletion of growth factors or nucleotides, implicates p53 as an integrator for both intracellular and extracellular signals. The variety of stress signals able for inducing PARP-1 activation is restricted to agents that produce single strand breaks in DNA (D'Amours et al., 1999). The cross-talk between these activities is thought to be dependent on the type of insult arriving to the cell. In the present study we demonstrate that the type of DNA damage determines the p53 response in the absence of PARP-1. The g-rayinduced accumulation of p53 is greatly reduced in PARP-1 knockout cells while MNU-induced p53 accumulation is increased in the absence of PARP-1.
In addition to the perturbation in the levels and nuclear accumulation of p53, the absence of PARP-1 has consequences on the expression of the gene products downstream of p53, p21 and MDM-2, which parallel the accumulation of p53 in cells following g-ray or MNU treatment. Of particular interest is the almost complete absence of MDM-2 mRNA upregulation Figure 5 Cell survival curves for four embryonic ®broblasts cell lines derived from parp-1+/+ p53+/+, parp-17/7 p53+/+, parp-1+/+ p537/7 and parp-17/7 p537/7 mice: (a) After g-irradiation. (b) After MNU-treatment. Experiments were performed at least three times with each cell line, and pooled data after irradiation were ®tted to a linear-quadratic equation to obtain these estimates of the surviving fraction at 2 Gy, a-and bcoecients. Colonies of at least 50 cells were scored as surviving cells Interplay between p53 and PARP-1 in the response to DNA damage MT Valenzuela et al after g-irradiation in cells lacking PARP-1, re¯ecting a severe de®ciency of p53-dependent transactivation of a key modulator of p53 stability. When the levels of the mdm-2 gene product were monitored by immunoprecipitation, an early down-regulation was observed followed by rapid and complete recovery of MDM-2 levels in PARP-1 de®cient cells after IR. This result is particularly intriguing due to the absence of MDM-2 mRNA upregulation (Figure 2) . One can only speculate that this rise in MDM-2 protein levels could be probably due to enhanced translation of pre-existing MDM-2 mRNA that has been previously reported as a regulatory mechanism of MDM-2 protein expression (Capoulade et al., 1998) . This rapid elevation in the levels MDM-2, which is an inhibitor of p53, may account for de®cient p53 accumulation and activation in g-ray treated parp-17/7 cells. On the other hand, an important reduction of IR-induced phosphorylation on ser-15 of p53 in PARP-1 de®cient cells has been found. These results suggest a defective activation of the kinase(s) responsible for this postranslational modi®cation in p53 in these cells, most likely ATM which is responsible for the early phosphorylation of p53 following IR (Khanna et al., 1998) , while ATR is involved in later events following this treatment (Tibbetts et al., 1999) .
A sharply dierent situation has been found after treatment with the alkylating agent MNU. The absence of PARP-1 enhances both p53 accumulation and transactivation of p21. Again we ®nd that MDM-2 levels inversely correlates with p53 accumulation (Figure 3 ): 15 min after MNU treatment, MDM-2 is downregulated in both cell types, however a rapid recovery is observed 15 min later in parp-1 +/+ cells while in parp-17/7 cells MDM-2 remains at low levels at all times tested afterwards. Low levels of phospho-ser-15 p53 have been observed after MNU treatment in parp-1 knockout cells, suggesting that this post-translational modi®cation not only is not essential for the signal transduction to p53 of the DNA lesions produced by MNU, but might indeed inhibit p53 activation upon treatment with the alkylating agent. The insight of the mechanism involved in this damage-speci®c activation of p53 is being investigated in our laboratory.
All these results have a common point of convergence: PARP-1 de®cient cells have a reduced ability to modulate MDM-2 levels following DNA damage and to phosphorylate p53 at ser-15. The ATM gene product is responsible for phosphorylation of both p53 at ser-15 and MDM-2 (Banin et al., 1998; Canman et al., 1998; Maya et al., 2001 ) in response to IR. According to our present data we can hypothesize that ATM is probably either modi®ed by or (somehow) interact with PARP-1 and this interaction has consequences on ATM-kinase activation after IR ( Figure  6a ). In this case we should expect a positive role of PARP-1 in the signal transduction of DNA damage to p53 in the pathway where ATM is involved. When damage to DNA do not involve ATM-kinase activation, such as that induced by MNU, the absence of PARP-1 leads to a delay in the DNA repair ability of the cells and consequently to a longer persistence of DNA lesions with a passive enhancement of p53 accumulation and activation (Figure 6b ).
Role of PARP-1 in the intrinsic response to IR
This study also demonstrates that the role of PARP-1 in the response to IR is complex. PARP-1 loss is clearly radiosensitizing for gut (Menissier-de-Murcia et al., 1997) and thymocyte apoptosis in culture (Beneke et al., 2000) , while has a limited eect on the long-term viability of ®broblasts (Figure 5b ). Cell type-speci®c interactions of PARP-1 and p53 may re¯ect dierences in the molecular determinants of the apoptotic threshold (Westphal et al., 1997) . Our observations support the hypothesis that PARP-1 resides upstream of p53 in mediating IR-induced stabilisation and, in part, transactivation ability of p53 (Figure 6b) . However, the remaining cytotoxic response observed in parp-17/7 ®broblasts suggest the existence of an alternative radiation-induced pathway involving p53 that functions independent of PARP-1. On the other hand, it has been recently shown that PARP-1 plays a key role in the earliest steps of cell response to IR (Fernet et al., 2000) and it was hypothesized that rapid poly (ADPribosylation) of target proteins, or recruitment of repair proteins by activated PARP-1 at the sites of DNA damage, bring about rapid chromatin remodelling that may aect the incidence of chromosomal damage upon re-irradiation.
The dierences in the direct damage to DNA induced by IR, that are non-reparable, (represented by the a value, Table 1 ) and in the a/b ratio upon genetic deletion of PARP-1, suggest that the clinically unresponsive tumours (which are treated with fractionated doses in the range from 1 ± 2 Gy) can be made more sensitive to the production of initial irreparable damage by therapeutic inhibition of PARP-1 (Ruiz de AlmodoÂ var et al., 1994; Schlicker et al., 1999) . Moreover, PARP-1 clearly determines the cytotoxic eect of single alkylating agents, which are also commonly used in the treatment of tumours. In this case, pharmacological inhibition of PARP-1 may represent a clear therapeutic advantage.
Materials and methods

Cell culture and treatments
Primary mouse embryonic ®broblast derived from both parp-1+/+ and parp-17/7 were used in this study and all experiments with MEFs were performed at passage 5 or less. We have also used immortalized murine embryonic ®broblasts expressing or lacking PARP and p53: parp-1+/+ p53+/+, parp-17/7 p53+/+ , parp-1+/+ p537/7 and parp-17/7 p537/7 for clonogenic assays. All of them were grown in 10% foetal bovine serum-supplemented Dulbecco's modi®ed Eagle's medium (FBS-DMEM, Sigma, St. Louis, MO, USA) with gentamicin (10 mg ml 71 ). All cell lines were incubated at 378C in a humidi®ed atmosphere of 5% O 2 , 5% CO 2 and 90% Interplay between p53 and PARP-1 in the response to DNA damageN 2 . MEFs were treated with the monofunctional alkylating agent MNU at 2 mM, a single 6 Gy dose of g irradiation or UV treatment (40 J/m 2 ). IR was delivered using a linear accelerator delivering 18 MeV photons (Siemens).
Immunoprecipitation and Western blotting assay
Cells were collected by scraping and cellular pellets were washed with cold PBS and lysed for 20 min at 48C in 150 mM NaCl, 10 mM HEPES, pH 7.2, 0.5% NP-40, 2 mM EDTA, 2 mM EGTA and protease inhibitors. After centrifugation at 14 000 g 15 min at 48C, supernatant was collected for further experiments. After protein quanti®cation, Western analysis was carried out using standard procedures. In summary, 20 mg of protein were loaded into each well of a 12% SDSpolyacrylamide gel. The gels were run at 150 V for 90 min in a Bio-Rad mini gel system. Proteins in the gel were transferred to a nitrocellulose membrane (100 V, 1 h) and then blocked for 15 min in 3% non-fat milk at room temperature. A polyclonal antibody to p53 (CM-1, Novocastra, Newcastle upon Tyne, UK), a monoclonal antibody to p21 (F-5, Santa Cruz Biotechnology) and a monoclonal antibody to a-tubulin (Sigma, St. Louis, MO, USA) were used for detection of the respective proteins. An antibody against phospho-p53 (ser-15) was obtained from Oncogene. Antibody reaction was revealed with chemiluminescence detection procedures according to the manufacturer's recommendations (ECL kit, Amershan Corp., Buckinghamshire, UK). For immunoprecipitation, cell lysates were precleared by constant mixing for 2 h with protein ASepahrose (Pharmacia). The beads were removed by centrifugation, and the supernatant was mixed constantly overnight with a monoclonal antibody against MDM-2 (Biosource International). Immune complex were adsorbed onto protein A-sepharose, boiled and electrophoresed on polyacrylamide gels and revealed with the same antibody.
p53 indirect immunofluorescence
Cells were grown on slides 24 h before g-irradiation, MNU or UV exposure. After the treatment cells were washed three times in PBS, ®xed in fresh cold methanol-acetone (1 : 1) for 10 min at 48C and then washed again with PBS-Tween 0.1%. The primary antibody for p53 analysis was used diluted 1/100 in PBS-Tween 0.1% and bovine serum albumin (BSA) 1%. Cells were incubated overnight at 48C and then washed three times in PBS-Tween 0.1%. The secondary antibody used was the FITC-conjugated goat anti-rabbit antibody (Sigma, St. Louis, MO, USA) diluted 1/400 in PBS-T 0.1%-BSA 1%. The cells were incubated 1 h at room temperature in the dark. Finally cells were washed three times in PBS-T 0.1% and stained with 4',6'-diamidino-2-phenylindole dihydrochloride (DAPI) 1/1000 10 min. Slides were prepared using the Dako mounting medium (Dako Corporation), coverslipped and stored in the dark at 7208C.
RT ± PCR
The primary cells were treated with 6 Gy g-irradiation or 2 mM MNU. At the end of each treatment the cells were incubated in complete culture medium for 2 and 4 h. Then cells were harvested and total cellular RNA was isolated using the Trizol method (Gibco) according to the directions for use provided by the manufacturer. The RNA extracted was quanti®ed spectrophotometrically. The control cultures were handled under identical conditions. At least two dierent experiments were done for each cell line. Firststrand cDNA was synthesized using oligo (dT) 12 ± 18 (Perkin Elmer) and M-MLV Reverse Transcriptase (Gibco) for RT ± PCR. cDNA was used as template in PCR reactions. Primer sets were previously described by Jimenez et al. (1999) : p21 5'-CGGTCCCGTGGACAGTGAGC-3' and 5'-AAATCTGTCAGGCTGGTCTGCC-3' (ampli®ed fragment size: 371 bp), MDM-2 5'-GGAGCGCAAAACGACACT-TACA-3' and 5'-CTCGCTGCTGCTGCTGCTAC-3' (512 bp), a-tubulin 5'-GACAGTGTGGCAACCAGATCG-3' and 5'-GTACGGAAGCAGATGTCGTAG-3' (612 bp). Reaction conditions were as follows: initial denaturation step of 958C for 9 min followed by 35 cycles of 938C for 60 s, 668C for 60 s and 728C for 60s, with a ®nal extension step of 728C for 10 min. For the normalization of quantitative PCR the ampli®cation with the three primers set was performed in the same reaction for each cell line. PCR products were analysed by agarose gel electrophoresis and ethidium bromide staining.
Irradiation and colony formation
Cell survival following IR and MNU-treatment was measured by clonogenic assay in monolayer. Cells were harvested and suspended in full culture medium. Single-cell suspensions were plated out at appropriate densities in duplicate in 25 cm 2 plastic¯ask (Sarstedt). In all the experiments, cells in exponential growth were used. Three separate experiments were done for each cell type and for each treatment.
Irradiation (dose range: 0 ± 12 Gy) was performed 16 h after plating when cells were attached. After the treatment cells were incubated in complete culture medium for 8 ± 12 days. Colonies of at least 50 cells were scored as surviving cells. Survival data (SF) were ®tted using the linear-quadratic model which has two components of cell killing: one is proportional to dose (aD) and the other is proportional to the square of the dose (bD 2 ): lnSF=7(aD+bD 2 ). This model oers a good description of radiation response in the low-dose region (0 ± 3 Gy). The cell survival curve is continuously bending with no ®nal straight portion at high radiation doses. Its shape is determined by the ratio a/b that is the dose at which the linear contribution to the damage (aD) equals the quadratic contribution (aD 2 ). When the quadratic component dominates, the survival curve bends over and becomes curved. The LQ model has now taken over as the model of choice to describe survival curves and generally works well in describing responses to radiation in vitro and also in vivo (Hall, 1994; Steel, 1997) . a and bparameters were determined by non-linear regression analysis and the surviving fraction at 2 Gy from the experimental curve.
To perform the clonogenic assay after drug exposure, cells were treated during 30 min with MNU-dilutions made in DMEM, range 0 ± 2 mM. Each dose was used in two replicate¯asks. At the end of treatment the MNU solution was removed and cells were incubated in complete culture medium for 8 ± 12 days. Colonies of at least 50 cells were scored as surviving cells. The lethal dose 50% (LD50) in each cell line was determined from the experimental curve.
Statistical analysis
The survival parameters obtained in the four cell genotypes after irradiation (SF2, a, b) and MNU treatment (LD50) were compared for statistically signi®cant dierences by ANOVA. The software used was GraphPad Software Prism (GraphPad Software Inc., San Diego, CA, USA).
